A multi-messenger, black hole (BH) -neutron star (NS) merger event still remains to be detected. The tidal (dynamical) ejecta from such an event, thought to produce a kinonova, is concentrated in the equatorial plane and occupies only part of the whole azimuthal angle. In addition, recent simulations suggest that the outflow or wind from the post-merger remnant disk, presumably anisotropic, can be a major ejecta component responsible for a kilonova. For any ejecta whose photosphere shape deviates from the spherical symmetry, the electron scattering at the photosphere causes a net polarization in the kilonova light. Recent observational and theoretical polarization studies have been focused to the NS-NS merger kilonova AT2017gfo. We extend those work to the case of a BH-NS merger kilonova. We show that the degree of polarization at the first ∼ 1 hr can be up to ∼ 3% if a small amount (10 −4 M ) of free neutrons have survived in the fastest component of the dynamical ejecta, whose beta-decay causes a precursor in the kilonova light. The polarization degree can be ∼ 0.6% if free neutrons survived in the fastest component of the disk wind. Future polarization detection of a kilonova will constrain the morphology and composition of the dominant ejecta component, therefore help to identify the nature of the merger.
INTRODUCTION
It is well known that electron scattering of an unpolarized beam of incident radiation causes a partially linear polarization of the scattered radiation, whose polarization degree depends on the scattering angle. For the radiation scattered into the plane perpendicular to the incident radiation, the polarization degree is the highest (Rybicki & Lightman 1979) . For a semi-infinite, plane-parallel, pure electron scattering atmosphere with a constant net flux, the polarization of its emergent light varies from a maximum of 11.7% for an edge-on view to zero for a face-on view (Chandrasekhar 1960) .
This leads to an important astrophysical implication. For a scattering dominated atmosphere and suppose it is angularly unresolved, there is a net polarization only when the visible portion of the atmosphere shows a deviation from the axisymmetry about the line of sight. Therefore, polarization detection becomes a tool to constrain the morphology of the emitting surface. A particular application is to the study of the aspherical nature of the supernova (SN) explosions. * liyan287@mail2.sysu.edu.cn † shenrf3@mail.sysu.edu.cn Höflich (1991) calculated the polarization for pure scattering atmospheres of oblate or prolate spheroidal shapes using a Monte Carlo method, and compared with results observed from SN 1987A. Similar method was taken by Kasen et al. (2003) for type Ia SN 2001el. Shapiro & Sutherland (1982 analytically calculated the polarization of those shapes, but restricting the line of sight to within the equator. Spectropolarimetry has now been carried out for supernovae of every major type and of various luminosity classes and peculiarities. They all show polarized light (the degree of polarization ranges from 0.2% to 10%) and hence asphericity in some significant way (Wang & Wheeler 2008) .
A similar situation is a pure scattering, optically thin, non-spherical circumstellar envelope in which a star is centrally embedded, which was discussed analytically by Brown & McLean (1977) and numerically by Daniel (1980) . The polarization degree Π s for the scattered light from the envelope can be as high as ∼ 10%, but the net polarization of the total light (observed flux mainly comes directly from the central source) is Π r ≈ Π s τ es sin 2 i, where i is the inclination angle of line of sight, and τ es is the scattering optical depth of the envelope which represents the fraction of the light to be scattered.
True absorption shall always be present in the atmosphere; this shall certainly be the case for a kilonova to be discussed below. In an explosive scenario, as Karp et al. (1977) have discussed, the velocity gradient within the photosphere significantly enhances the bound-bound opacity as a result of the Doppler broadening of lines. The net effect of this Doppler broadening of many individual lines is the production of a quasicontinuous bound-bound opacity, which can be in magnitude comparable to that of electron scattering.
Generalization of the pure scattering atmosphere to include true absorption was first discussed by Code (1950) . Two situations are differentiated: the absorption opacity is (1) independent of frequency (gray), or (2) dependent of frequency (monochromatic). In case (1), the absorption tends to reduce the polarization compared with the pure scattering result. In case (2), including the absorption surprisingly increases the polarization, because it enhances the degree of anisotropy of the radiation field near the last scattering surface, according to Code (1950) . Harrington (1969) obtained two illustrative numerical solutions to the monochromatic absorption problem considered by Code (1950) , and they are utilized by Shapiro & Sutherland (1982) to show that a polarization degree as high as 28% can be obtained for an oblate spheroid seen in the equator.
What Karp et al. (1977) have discussed is indeed the situation in the neutron-rich dynamical ejecta in NS-NS or NS-BH mergers which contains heavy element as r-process products, except that the bound-bound opacity there is more than two orders of magnitude higher than that of electron scattering (Kasen et al. (2013) ; Tanaka & Hotokezaka (2013) ; also see Figure 4 of Metzger (2017) ). The radioactive-decay heating of the ejecta by those unstable isotopes produces a so-called kilonova emission (Li & Paczyński 1998) . Therefore, for an average kilonova photon, its last interaction with matter before escaping the photosphere is more than likely a bound-bound transition, rather than an electron scattering. Consequently, the polarization from kilonovae might still be low, even though the ejecta shapes are very asymmetric .
As the kilonova counterpart to the NS-NS merger event GW170817, the optical to near-infrared observations of AT2017gfo represent the first opportunity to detect and scrutinize a sample of freshly synthesized rprocess elements. Covino et al. (2017) made the polarization measurement of AT2017gfo at 1.46 days after GW 170817. They report a null linear optical polarization degree of P = (0.50 ± 0.07)%. However, as pointed out in Covino et al. (2017) , if the wind from the post-merger disk contributes a substantial mass for the kilonova ejecta (Just et al. 2015; Fernández & Metzger 2016) , the smeared and blended bound-bound opacity can be largely reduced because r-process in the wind ejecta is suppressed by neutrino emission (Kasen, Fernández & Metzger 2015) . This lanthanide-free wind component is predicted to give an earlier, 'blue' kilonova component (Metzger 2017) . Because the wind terminal velocity depends on the local escape velocity from the disk surface, one expects that the photosphere of the wind component elongates toward the polar direction, as was illustrated in Figure 1 , rendering a good condition for net polarization. Therefore, the hope for polarization detection resides with earlier observations. Recently, Bulla et al. (2018) applied a Monte Carlo simulation to the NS-NS merger scenario and obtained a polarization degree similar to what was measured for AT2017gfo. Matsumoto (2018) analytically estimated the evolution of the polarization for this situation. As pointed out in Matsumoto (2018) , the existence of free neutrons in the outermost layer of the NS-NS merger ejecta is of great importance to detect early time polarization. In this paper, we extend this line of work to the case of a BH-NS merger kilonova, which is expected to show more significant polarization than that of a NS-NS merger. Adopting the analytic model of Shapiro & Sutherland (1982) , which is different from the Monte Carlo approach or result used by Matsumoto (2018) and Bulla et al. (2018) , we can give detailed constraints not only on the mass of free neutrons but also the morphology and components of the ejecta. This paper is structured as follows. In section 2 we describe the ejecta components of a BH-NS merger in more detail. Our polarization calculation is described in section 3. The results are presented and analyzed in section 4. We summarize the results and discuss the implications in section 5. Bhattacharya, Kumar & Smoot (2018) discussed various ejecta components (i.e., dynamical ejecta, disk wind, jet, cocoon) in BH-NS mergers and their detection prospects. They conclude that the kilonova is the most easily detected electromagnetic signature of all. Below, we consider two major ejecta components responsible for the kilonova -the dynamical ejecta and the disk windand a minor one, the free-neutron layer in the outermost layer of either one of the two major components. These components are illustrated in Figure 1. 
EJECTA COMPONENTS IN A BH-NS MERGER

Dynamical ejecta
In a BH-NS merger, when the neutron star is disrupted prior to the merger, there is substantial matter The tidal tail ejecta of the disrupted NS is concentrated in the orbital plane, and within an azimuthal angle of ∼ π (Foucart et al. 2014; Kyutoku et al. 2015 Kyutoku et al. , 2018 . The magnetic/viscous/neutrino-driven disk wind component has low opacity and is elongated toward the polar direction (e.g., Fernández et al. (2018) ). In addition, a small amount of free neutrons (not shown here) may survive in the fastest, top layer of either the tidal ejecta or the disk wind .
ejected on the dynamical time scales (typically milliseconds) by tidal forces of the BH. The dynamical ejecta emerges primarily in the equatorial plane and shows significant anisotropy, different from a NS-NS merger whose dynamical ejecta is nearly isotropic (Kawaguchi et al. 2015; Just et al. 2015) . Foucart et al. (2014) , Kyutoku et al. (2015 Kyutoku et al. ( , 2018 performed numerical-relativity simulations of BH-NS mergers to study dynamical mass ejection, and found that the dynamical ejecta is concentrated in the equatorial plane with a vertically half opening angle of 10
• − 20
• and sweeps out about a half of the plane. The ejecta mass ranges from 0.01 to 0.1 M , and the average velocity of the ejecta inferred from the kinetic energy is typically 0.2 -0.3 c. This ejecta is highly neutron rich, producing heavy r-process elements that include Lanthanides which result in a high opacity κ ∼ 10 cm 2 /g (Kasen et al. 2017 ).
Disk wind
The debris of the disrupted NS, that is bound to but not immediately swallowed by the BH, will circularize into an accretion disk. The disk mass is typically ∼ 0.01 -0.3 M , depending on the total mass and mass ratio of the binary, the spins of the binary components, and the NS EOS (Oechslin & Janka 2006) . Neutrinoand viscously-driven outflows from this remnant disk, taking place on longer timescales of up to seconds, provide another important source of ejecta (Just et al. 2015; Kiuchi et al. 2015; Fernández et al. 2018) .
A high-resolution numerical-relativity simulation for the merger of a BH and a magnetized NS (Kiuchi et al. 2015) showed that the amount of the disk wind component in the highest-resolution run is as high as ∼ 0.06M which is much larger than that of the dynamical component ∼ 0.01M . Another simulation of BH-NS merger by Fernández et al. (2018) that includes general relativity MHD effects showed that 40% of the initial disk mass is ejected, with an average velocity of 0.1c and a nonspherical distribution, i.e., a hourglass shape, with an approximate 3:1 ratio between vertical and horizontal dimensions. Just et al. (2015) found that the major part of the disk wind material ends up in forming A < 130 r-process elements, and the disk outflow complements the dynamical ejecta by contributing the lighter r-process nuclei (A < 140) that are underproduced by the strong rprocess taking place in the very neutron-rich material expelled during the early coalescence phase. As a result, the opacity of the disk wind would be lower than that of the dynamical ejecta.
Free neutron layer
During its early expansion, most of the ejecta remains dense enough to allow the capture of all neutrons into nuclei via the r-process. However, some of the fastest ejecta may expand so rapidly that most neutrons contained in that head layer are not captured and become free . The NS-NS simulation by Fernández et al. (2018) found ∼ 10 −4 M of the disk wind contains free neutrons. Radice et al. (2018a,b) simulated the turbulence-heating driven mass ejection during the NS-NS mergers and found that the fastest component ( 0.6 c and close to 10 −4 M ) is potentially free-neutron dominated.
The radioactive decay of these free neutrons (into protons with the emission of electrons) -if their existence is robust -can be an additional energy source of the kilonova emission, besides those of the dynamical ejecta and the disk wind. Metzger et al. (2015) calculated this precursor emission due to the extra heating by an outermost, free-neutron layer of the dynamical ejecta. As an ejecta expands, its diffusion time t diff decreases with time as ∝ t −1 , until eventually radiation can escape on the expansion timescale, at which t diff = t (Arnett (1982)). Therefore, for the outermost layer mainly containing free nucleons and electrons with a mass of M n and an expansion velocity of v, the characteristic timescale at which its light curve peaks is
where the opacity κ takes the value of electron scattering opacity for ionized hydrogen κ es,H = 0.4 cm 2 g −1 . Compared with NS-NS mergers, BH-NS mergers received relatively less attention. In the literature one finds fewer numerical simulations about mass ejection in BH-NS mergers, and very few paid particular attention to the fastest tail of the ejecta's mass-velocity distribution. In simulations by Foucart et al. (2014) and Kyutoku et al. (2015 Kyutoku et al. ( , 2018 , the maximum velocity of the dynamical ejecta is ∼ 0.5 c, and a more asymmetric BH-NS mass ratio generally results in higher asymptotic velocities for ejetca. No simulation has been done particularly about the disk mass ejection following a BH-NS merger. But as was pointed out in Fernández et al. (2018) , a disk in a BH-NS merger shall have the same physics and follow the same qualitative evolution as that in a NS-NS merger, whereas a larger central BH mass in the former case is expected to cause quantitative differences.
As the supporting evidence regarding the fastest ejecta components in a BH-NS merger is still inconclusive, here in this paper we still allow the possibility of an outmost layer of free neutrons with a mass of ∼ 10 −5 − 10 −4 M , in either the dynamical ejecta or the disk wind. Future observations could prove or disapprove this assumption.
POLARIZATION CALCULATION
Extensive studies have been done in the context of non-spherical SN explosions to estimate the degree of polarization. In particular, Shapiro & Sutherland (1982) analytically calculated the polarization of oblate or prolate spheroidal atmospheres as a function of their asphericity parameter. Alternative approach of Monte Carlo calculation of photon propagation was taken by Höflich (1991) and Kasen et al. (2003) . Brown & McLean (1977) have shown that the polarization degree is proportional to the sine squared of the inclination angle.
For a kilonova produced in a BH-NS merger, in the case that free neutrons survive in the outermost layer of the ejecta (the dynamical ejecta or disk wind), the electron scattering opacity dominates, thus a larger degree of polarization would be possible for a proper viewing angle. On the other hand, once the photosphere recedes to the bulk of the ejecta which is mainly made of r-process nuclei, the bound-bound transitions would dominate the opacity and result in a sharp decrease of polarization.
Borrowing the insight from Brown & McLean (1977) and Matsumoto (2018) , the net polarization from an ellipsoidal shape of photosphere can be generally estimated as
where i is the inclination angle of the line of sight with respect to the symmetry axis of the ellipsoid, Π 0 is the maximum degree of polarization that a given shape of ellipsoid could ever obtain, and τ es is the scattering optical depth of the photosphere. Π net reaches its maximum value only when τ es = 1 and i = 90
• . The following two subsections describe the calculations of Π 0 and τ es , respectively. The kilonova light curves are also calculated.
The maximum degree of polarization Π 0
The polarization from an atmosphere with both scattering and absorption were analytically calculated using radiative transfer equations first by Code (1950) and further developed and applied by others (Harrington 1969 (Harrington , 1970 Collins 1970; Shapiro & Sutherland 1982) . To estimate the maximum degree of polarization for an atmosphere of asymmetrical shape, we choose to use the following analytical formulas in Shapiro & Sutherland (1982) because they contain a dependence on the asphericity of the atmosphere and they are easy to computate, rather than to adopt the Monte Carlo approach in Daniel (1980) , Höflich (1991) and Kasen et al. (2003) .
For an semi-infinite, plane-parallel, optically thick, scattering dominated atmosphere as was considered by Chandrasekhar (1960) , the degree of polarization of the scattered emission along some direction µ is given by
where Q and I are the two Stokes parameters for the emergent radiation in that direction. For practical purpose, I l and I r are defined to be the intensity of the light whose electric vector is parallel and perpendicular, respectively, to the plane of scattering. If I l = I r , the scattered emission would show no polarization. The Stokes parameters for the net radiation emitted in a given direction by the entire atmosphere must be found by integrating the plane-parallel results over the surface of the atmosphere, i.e.,
where A p = πac and dA p are the total and differentiated projected surface area, respectively, ψ is an angle related to the orientation of the local scattering plane, and πF is the net flux from the whole surface. The quantities in the square brackets are the results for the plane-parallel atmosphere while taking into account both scattering and absorption; here λ = κ a /κ is the ratio of the absorption opacity κ a over the total opacity κ = (κ es +κ a ). Adding a gray absorption opacity (i.e., κ a is independent from photon frequency ν) results in a reduction of the polarization from that of a pure scattering atmosphere. However, a surprising finding by Code (1950) is that, when the frequency dependence of κ ν,a (i.e., a non-gray atmosphere) is considered, it can cause a significant anisotropy of the radiation field just below the photosphere, which actually results in an enhancement of the polarization over the pure scattering case (Shapiro & Sutherland 1982) .
The numerical values of those bracketed are tabulated by Harrington (1969) and Shapiro & Sutherland (1982) for three cases: 1) λ = 0, which corresponds to pure scattering, 2) λ is a non-zero constant with optical depth, and 3) λ decreases toward the surface as λ = τ /(1 + τ ). Note that the last two cases are for a non-gray atmosphere, and for which κ a in the definitions of λ and τ shall be the frequency integrated mean.
The asphericity of an spheroidal atmosphere is parametrized by the parameter
where a is the equatorial radius, and c is the distance along the symmetry axis from pole to center. The surface integrals in equations (4-5) can be evaluated numerically by quadrature, using a third-order spline fitted to the tabulated values of [Q/I] and [I/F ]. Then the net polarization degree is
which we consider to be the maximum degrees of polarization from an oblate or prolate spheroidal atmosphere with a given asphericity. Π 0 calculated this way as a function of ξ are shown in Figure 2 (also see Fig. 2 of Shapiro & Sutherland (1982) ). It shows that when the non-grayness is taken into account, the polarization is 2 − 3 times higher than the pure scattering case.
In the kilonova scenario, the opacity of the bulk of the ejecta (other than the free-neutron layer) shall be absorption dominated, plus some scattering by electrons from partial ionization of r-process products. The magnitudes of the bound-bound opacities of major elements in the ejecta are very uncertain but their strong frequency dependences are evident as were shown in Kasen et al. (2013) .
Nevertheless, in this work we choose Π 0 calculated for the pure scattering atmosphere (i.e., case 1, the solid lines in Figure 2) as the maximum polarization degree of a spheroid, but keep in mind that this might be a conservative lower limit if the polarization enhancement discussed in Code (1950) due to ν-dependence of the absorption opacity also works for kilonova atmospheres.
Based on the anisotropic distribution of the dynamical ejecta and the disk wind found in simulations (Foucart et al. 2014; Kyutoku et al. 2015; Fernández et al. 2018 ), we will assume that the shapes of the dynamical ejecta and the disk wind are oblate and prolate with ξ = 0.8 and 0.6, respectively. We further assume that during the expansion of the ejecta, the photosphere keeps its morphology (i.e., ξ fixed) in time, so Π 0 does not change.
Then, according to Figure 2 , for an observer whose line of sight is in the equatorial plane, the maximum net polarization from the dynamical ejecta and the disk wind is 3% and 0.6%, respectively. These values correspond to an early time when the photosphere is right at the free-neutron layer of either ejecta component, where the electron scattering opacity dominates (see below).
In the BH-NS kilonova scenario, the total luminosity is calculated in the next subsection as the sum of those ejecta components (e.g., dynamical ejecta, disk wind, and free neutron). However, the observed polarization at any epoch can not be a sum of those components. As an approximation, we let it be equal to that of whichever ejecta component that dominates the luminosity at that epoch.
Scattering optical depth at the photosphere τ es
The optical depth of the hot ejecta is given by τ = κρdR, here κ includes the contribution from both scattering and absorption (mainly bound-bound transitions of the r-process elements), and τ = 1 at the photosphere R ph . During the first few hours, the photosphere is located in the outer layers of the ejecta, whose opacity is dominated by electron scattering, thus τ es ≡ τ es (R ph ) τ (R ph ) = 1. When the photosphere moves into the layers which are mainly composed of rprocess nuclei, τ es κ es ρR ph decreases with time due to the ever dropping κ es . Figure 2 . The maximum degree of polarization of the emission from oblate and prolate spheroidal atmospheres, respectively, as a function of their asphericity parameters ξ, viewed perpendicular to the symmetry axis of the spheroids (i = 90
• ). λ is the ratio of absorption opacity to the total opacity near the photosphere; λ = τ /(τ + 1) is a case where this ratio decreases toward the atmospheric surface. Reproduced from Shapiro & Sutherland (1982) .
For the heating sources of kilonova emission, we consider the radioactive decay in the dynamical ejecta and the disk wind, and the β-decay of the free neutrons. A free neutron layer (fast tail) may exist in the outer layer(s) of dynamical ejecta or disk wind, or both ( §2.3). Here, we consider two limiting cases: free neutrons are contained only in the outermost layer of (1) the dynamical ejecta, or (2) of the disk wind, and calculate the light curves, τ es , and the net polarization.
The procedure that we take to calculate τ es is the same as in Matsumoto (2018) . We take a power-law density profile used in Matsumoto (2018) for both the dynamical ejecta and the disk wind. Following the merger, the ejecta velocity structure approaches that of a homologous expansion, with the faster matter moving ahead of slower ones (Rosswog et al. 2014) . Thus the layer that is mainly composed of free neutrons would be the fastest tail in the mass-velocity distribution, meanwhile the bulk of the ejecta or is treated as a base component which has a power-law density profile Nagakura et al. 2014) as
where M base , v b and β b are the total mass, the lowest velocity, and the power-law index of the base component, v t is the lowest velocity of the fast tail. We set v b = 0.1 c, v t = 0.3 c, and β b = 4, for the fiducial values, and M base = 0.03M for the dynamical ejecta and M base = 0.02M for the disk wind, respectively. The density profile of the free neutrons (fast tail) is given by the following equation Hotokezaka et al. 2018 )
where M n = 10 −4 M , v n = 0.5 c, and β t = 6 are the total mass and the lowest velocity of the free neutrons, and the power-law index of the fast tail's profile, respectively. The ejecta structure is composed of a series of v-shells. For any one shell, the exterior mass is
In order to calculate τ es and the light curve of a freeneutron precursor, chemical composition of all the mass shells are needed. Note that for one of the two limiting cases, free neutrons exist only in the fast tail of dynamical ejecta, then the whole disk wind consists of r-process materials only, i.e., χ r (v, t) = 1, and vice versa. We assume that the fastest (v > v n ) layer of the ejecta contain free neutrons only. For the inner part of the high-speed tail component (i.e., v t < v < v n ), the mass fractions of the r-process elements, free neutrons, and protons (the product of the neutrons' β-decay), respectively, are given by
where the index α describes how sharply the nucleon (neutrons, in this case) abundance decreases toward inner shells with v < v n (Matsumoto 2018) . Here we set α = 10, while other values do not change the results significantly. t n = 900 s is the neutrons' β-decay timescale. For slow ejecta shells with v < v t , we set χ r = 1. Photos escape the ejecta by diffusion. For each mass shell, we can calculate its photon diffusion time (Eq. 1). Conversely, at any time t we can locate the 'diffusion shell' whose photon diffusion time is t dif f = t by solving the equation of τ = c/v. Hence we can get the velocity of the diffusion shell v d . The optical depth is given by (14) where we set κ r,dyn = 10 cm 2 /g and κ r,wind = 1 cm 2 /g for the bound-bound opacity of the r-process elements in the dynamical ejecta and the disk wind, respectively (Kasen et al. 2017 ). In Eq. (13), we ignore the contribution to κ es by electrons supplied by the ionized of the r-process elements due to its small value.
The bolometric luminosity is calculated following the Arnett model (Arnett (1982) ; see also Metzger (2017) ) by considering the total mass M (> v d ) exterior to the diffusion shell. The mass of the r-process elements and free neutrons are evaluated, respectively, by
Then the luminosity is
where the specific heating rates due to the radioactive decay of the r-process elements and free neutrons are given by Wanajo et al. (2014) and Kulkarni (2005) respectively as follows,
q n = 3 × 10 10 ergs
The photospheric effective temperature is given by
, where σ SB is the StefanBoltzmann constant.
At the photosphere R ph = v ph t, we evaluate τ es as where the contributions by electrons from the ionization of the r-process elements are included (the first and second terms). Following Matsumoto (2018), we adopt the mean mass number of the r-process elements A = 80, and set the degree of ionization of the r-process nuclei to be x = 1.
RESULTS
With equation (17) and T ph , the time evolution of the bolometric luminosity and the U and R bands apparent magnitudes are calculated and shown in Figure 3 . It shows that, the free-neutron heating causes a bump in the light curve at ∼ 1 hr (the diffusion time of the freeneutron layer) after the merger, a feature already predicted in Metzger et al. (2015) and Matsumoto (2018) .
The degrees of polarization as a function of time are calculated according to equation (2) and are shown in Figure 4 . The thick solid and dashed curves correspond to viewing angles of 90
• and 30
• , respectively (Eq. 2). Here we emphasize that, in any epoch, the degree of polarization is not the sum of those of the two base compo- nents, but is determined by whichever component that dominates the luminosity. For the case where free neutrons are contained only in the dynamical ejecta (Figure 4, top) , initially the degree of polarization is almost constant with Π net Π 0 until an abrupt decrease at ∼ 1 hr after the merger. The degree of polarization can be up to 3% depending on the viewing angle. For the other case (free neutrons in the disk wind only; Figure 4 , bottom), the degree of polarization shows a similar plateau during the first ∼ 1 hr, with a lower Π net up to 0.6%, and then smoothly decreases afterwords.
These temporal behaviors of Π net can be understood as follows. Initially, the photosphere is located in the free neutron layer and τ es 1 resulting in the polarization Π net Π 0 . In the case that free neutrons exist in the dynamical ejecta, the shape of the photosphere is that of the dynamical ejecta, i.e., an oblate spheroid (Figure 1 ) whose maximum polarization is ≈ 3% for ξ = 0.8 according to Figure 2 . On the other hand, if free neutrons exist in the outermost layer of the disk wind, whose shape is a prolate spheroid, the maximum polarization is ≈ 0.6% for ξ = 0.6. As the photosphere recedes to the r-process elementrich ejecta (v < v n ), τ es drops quickly, resulting in the significant decrease of the polarization degree. Because the observed degree of polarization is determined by whichever of the two base components that dominates the luminosity, there is a difference in the trend for the two scenarios. Fig. 4 (top) shows an abrupt drop, whereas in Fig. 4 (bottom) the drop is smoother. In the former case that free neutrons are contained in the dynamical ejecta, the disk wind component starts to dominate the luminosity after ∼ 1 hr since the merger (see Figure 3) , whose τ es is just related to the ionization of the r-process nuclei. Due to the constant quantities x = 1 and A=80 we set, the degree of polarization is constant and small (∼ 0.01%) at that epoch. In the other case, the disk wind contains free neutrons and also dominates the later luminosity, thus there is a smoother decrease. The late-time polarization in our result is consistent with that of Bulla et al. (2018) though we use a different method.
The dependence of polarization degree on the asphericities of dynamical ejecta and disk wind is shown in Figure 5 . As was shown in Figure 2 , the polarization degree increases with the asphericity. In other words, the early ∼ 1 hr observation of polarization degree can provide a constraint on the morphology of the dynamical ejecta or the disk wind.
There are a few discontinuities in the time evolution of the polarization degree shown in Figures 4-5. Under our prescription for the polarization degree in the presence of multiple ejecta components ( §3.1), these are due to the changes of dominance of the total emission among these components. Note that those abrupt changes of polarization degree also correspond to changes of the polarization angle. The polarization angle is defined as the angle at which the transmitted intensity is at maximum (Kasen et al. 2003) . The polarization angle of a spheroid (oblate or prolate) is perpendicular to its own long axis. Thus since the polarization angles for dynamical ejecta (oblate spheroid) and disk wind (prolate spheroid) are perpendicular, we expect that the observed polarization angle will experience a noticeable change, for instance, at ∼ 1 hr.
SUMMARY AND DISCUSSION
So far gravitational wave observation found only one NS-NS merger event, with its multiwavelength EM counterparts including a kilonova. BH-NS mergers have been predicted to occur with a rate similar to NS-NS mergers and to produce a kilonova signature as well, but they still remain to be detected. Because the ejecta components from a BH-NS merger are predicted to be highly anisotropic, therefore any possible existence of free electrons in the atmosphere of those ejecta components could cause a non-zero polarization. As was found in Matsumoto (2018) , the degree of polarization strongly relies on the existence of a free neutrons in the fastest component of the ejecta. While previous works (Bulla et al. 2018; Matsumoto 2018) concentrated to the context of NS-NS mergers, in this paper we focus on the BH-NS mergers, a case potentially more susceptible to a polarization signature.
Assuming the dynamical ejecta and disk wind components have masses of 0.03M and 0.02M , and are in shapes of oblate and prolate spheroids, respectively, we estimate the degree of polarization at the first ∼ 1 hr can be up to 3% and 0.6% if free neutrons (10 −4 M ) survived in the fastest component of the dynamical ejecta or the disk wind, respectively. The degree of polarization drops afterwards when the free neutron layer becomes transparent. For the case that free neutrons only exist in the dynamical ejecta, the degree of polarization shows an abrupt drop to a negligible level. The decline of the polarization degree is much smoother if free neutrons exist only in the disk wind.
Future detection of polarization at ∼ 1 hr can determine the distribution of free neutrons and the morphology of dynamical ejecta and disk wind. Specifically, if the polarimetric observation is performed at the early timescale t <∼ 1 hr, we may detect the maximum polarization degree of kilonova emission and its evolution at later times. (1) If a Π net 0.6% is detected, it would mean the polarization is dominated by the free neutrons in the dynamical ejecta. Combining with a viewing angle determined from other channels, one could determine the asphericity of the dynamical ejecta. (2) If Π net is found to be 0.6%, it would not be certain as to which one of the base components dominates the polarization, because both components can produce such a relatively low degree. However, it can be constrained by later-time evolution of polarization. For instance, if an abrupt (smooth) decline of the polarization degree follows, it would imply that the free neutrons only exist in the outer layer of dynamical ejecta (disk wind).
The BH-NS dynamical ejecta are found to occupy only an azimuthal angle of ∼ π (Foucart et al. 2014; Kawaguchi et al. 2015; Kyutoku et al. 2015 Kyutoku et al. , 2018 , whereas so far we assumed the observer is on the approaching side of the dynamical ejecta (Figure 1) . If the dynamical ejecta is receding with respect to the observer, our results are unchanged for the case where the free neutrons reside in the disk wind only (Figures 4-5, bottom) . However for the other case where only the dynamical ejecta contains free neutrons, an observer on the receding side would probably not see a free-neutron precursor because it is likely blocked by slower ejecta or the disk wind. In that case the early plateau of the polarization in Figures 4-5 (top) might disappear or be reduced depending on the azimuthal offset of the line of sight.
In calculating the dynamical ejecta's contribution to the overall light curve, we used the simple spherically symmetric Arnett model since we focus on the polarization property. A more careful calculation shall take into account the highly anisotropic geometry of this component, such as were done in Kawaguchi et al. (2016) and Huang et al. (2018) . According to these authors, most of photons diffuse vertically toward the latitudinal surface rather than to the radial edge due to a large contrast between areas of the two surfaces. This would cause the dynamical ejecta's light curve to peak earlier than what was predicted in the spherical approximation. The latter can be given by equation (1) where the parameters shall take values appropriate for the base dynamical ejecta component ( §3.2). Generically this time corresponds to when the deepest part of the ejecta is visible. Keeping other conditions (mass, speeds and opacity) same as what we adopted, the latitudinal diffusion effect shortens this time by a factor of ≈ [2πθ ej v b /(ψ ej v t )] −1/2 ≈ 3, where θ ej 1/5 and ψ ej π are the latitudinal and azimuthal opening angles of the ejecta, respectively (cf. equation 10 of Kawaguchi et al. (2016) ). Correspondingly, the peak luminosity from this ejecta component would increase by this factor to the power of 1.3 (cf. equations 17-18). Therefore this effect might cause a slow decline or an excess in the late light curve, but it hardly changes the light curve earlier than t ≈ 40 hrs presented in Figure 3 since the disk wind component still dominates until then. The free-neutron precursor will not be affected either because they are at the radial edge of the ejecta.
Overall, matching our model predictions with future observations will help to shed new lights on understanding the composition of ejecta from a BH-NS merger and the mechanism of kilonova emission.
